We report the study of epoxy-carbazole polymeric network (ECzPN) nanolayers as a hole injection/transport layer in organic light-emitting devices. The ECzPN nanolayers were prepared by the thermal curing reaction of epoxidized cresol novolak and 3,6-diaminocarbazole in the presence of catalytic amount of triphenyl phosphine. The curing reaction was examined with Fourier transformed infrared spectroscopy, whilst the thermal stability was studied with thermogravimetric analysis. Optical absorption and emission spectroscopy were employed to investigate the optical properties of ECzPN nanolayers, whilst atomic force microscopy was used to examine the surface nanomorphology of ECzPN nanolayers. The result showed that the device performance was greatly influenced by the weight ratio of monomers, because the highest occupied molecular orbital level of ECzPN was significantly changed with the ratio. This is attributed to the ground-state complexes induced by the specific interaction (hydrogen bonding) between the lone pair electrons in amines of carbazole moieties and the hydroxyl group of ring-opened epoxide moieties.
INTRODUCTION
Organic light-emitting devices (OLED) have attracted great attention for flat-panel-display (FPD) applications due to their sophisticated device structure that is simpler than liquid crystal displays (LCDs) as well as their fast response time and wide viewing angle which are similar to typical cathode ray tube (CRT) [1] . These features still lure FPD manufactures to consider OLED as one of the next generation's digital television candidates, even though some obstacles including unsatisfied lifetime and lower device efficiency have been recently issued by the concentrated research and development for a couple of decades [2] . Of these obstacles the short device lifetime can be mainly attributed to the inherent instability of organic nanolayers in devices, which is much prominent for small molecule-based OLEDs. Although one of the factors leading to the instability could be sorted out by applying the accelerated preoxidation method [2] , all the factors could not be overcome at the moment when it comes to the fundamental aspect of organic nanolayers, particularly based on small molecules.
This problem has motivated the development of molecularly doped polymer films based on thermally stable polymers as well as functional polymer films for hole injection and/or transport layer, since each monomer in polymers, whether they are linked via covalent bonds or strongly bound in stable polymer host, could be more stabilized in polymers than in individual small molecules [3] [4] [5] [6] [7] [8] [9] [10] [11] . For instance, we have introduced a semiconducting polyimide (SPI) nanolayer as a hole injection/transport layer for OLEDs, which resulted in a remarkably extended device lifetime [12] . This improved reliability is undoubtedly ascribed to the excellent thermal stability of SPI nanolayers due to the high glass transition temperature (Tg = 220
• C) of SPI [13, 14] .
With similar concept, we made a chemically cross-linked epoxy network nanolayer doped with hole-transporting molecules as a hole injection/transport layer for durable OLEDs [15] . This pioneering work shed a light on a possibility of using epoxy network nanolayers for OLEDs, because cross-linked epoxy networks are insoluble in common organic solvents and show very excellent thermal stability due to their three-dimensional network structure [15] . Because in the previous work the hole-transporting molecules were dispersed in the chemically cross-linked epoxy network made of epoxidized cresol novolak (ECN) and phenolic novolak in which both are electronically/electrically insulating, however, heavy loading of hole-transporting molecules to obtain a good hole-transporting property resulted in large-scale phase segregation.
In this work, we have attempted to make chemically cross-linked epoxy networks using ECN and functionalized carbazole moiety, without any inclusion of hole-transporting components, because the carbazole moiety is electronically active so that it is expected to play a hole-transporting role, considering previous uses of several carbazole moieties in organic photorefractive devices, OLEDs, and solar cells [16] [17] [18] . The result showed that controlling the monomer ratio between ECN and carbazole moiety led to a uniform epoxycarbazole polymer network (ECzPN) nanolayer that exhibits no phase segregation at all. At this monomer ratio, the improved device performance has been achieved, which is similar to the performance of well-known standard OLED based on N,N -diphenyl-N,N -bis(3-methylphenyl)-1,1-biphenyl-4,4 -diamine (TPD).
EXPERIMENTAL

Materials
Epoxidized cresol novolak (ECN, molecular weight=17 523) was supplied from Kukdo Chemical Co. and was further purified by recrystallization from n-hexane/ethanol [90 : 10 (v/v)] followed by drying in a vacuum at 80
• C for 24 hours. 3,6-diaminocarbazole (DACz), tris(8-hydroxyquinolinato)aluminum (Alq 3 ), and TPD were purchased from Tokyo Kasei Kogyo Co., Ltd. and used without further purification. Triphenyl phosphine (TPP), a catalyst for epoxy cross-linking reaction, was used as received from Junsei Chemical Co., Ltd. N,N -dimethylacetamide (DMAc) was purchased from Aldrich Chemical Co. Figure 1 shows the chemical structure of ECN, DACz, and TPP.
Preparation of epoxy-carbazole polymeric network nanolayers and devices
For preparing epoxy-carbazole polymeric network (ECzPN), a mixture solution of ECN, DACz, and TPP was made using DMAc (solvent) at the solid concentration of 10 wt% and was vigorously stirred to well mixing. Three different weight ratios (1.5 : 1, 2 : 1, and 3 : 1) of ECN to DACz were employed to investigate the influence of composition. Then these solutions were refluxed at 170
• C for 1 hour to make a partially reacted (precured) ECzPN for securing a viscous solution suitable for spin-coating. These viscous solutions were spin coated onto various substrates for further characterization, and then finally postcured at the same condition in a vacuum oven.
For the fabrication of OLEDs, indium-tin oxide (ITO) coated glass substrates were patterned in a strip (ITO) size of 2 mm × 30 mm and then were precleaned ultrasonically in deionized water using a nonphosphorus detergent followed by washing in ethanol before drying. The viscous ECzPN solution was spin-coated onto the precleaned ITO coated glass at 4000 rpm for 60 seconds and then soft-baked at 100
• C for 5 hours in a vacuum oven. Finally, the ECzPN nanolayers (thickness = 60 nm) were made by further thermal curing at 170
• C for 1 hour in a vacuum oven, which were insoluble in DMAc. On top of these ECzPN nanolayers, a 60 nm thick Alq 3 layer was deposited as an emission layer (EML) followed by evaporating the aluminum (Al) cathode in a vacuum of ∼5×10 −6 Torr, defining the active emission area of 4 mm 2 . The control device was also prepared by replacing the ECzPN nanolayer with the 60 nm thick TPD layer (see Figure 2 ) which was directly deposited onto the ITO substrate as a deposition rate of 0.5 ∼ 1 nm/s.
Measurements of films and devices
The chemical cross-linking reaction of nanolayers (films) was monitored using an attenuated total reflection (ZnSe crystal) Fourier transform infrared spectrophotometer (ATR FT-IR 460 plus, JASCO Inc.), whilst the thermal degradation was examined using a thermogravimetric analyzer (TGA Q50, TA Instruments Inc.) under a nitrogen environment at a heating rate of 10
• C/min. The optical absorption spectra of ECzPN nanolayers were measured using a UV-visible spectrophotometer (UV 2010, HITACH), while corresponding photoluminescence (PL) spectra were measured using a fluorescence spectrophotometer (F4500, HITACH). Cyclic voltammetry (CV) measurements were performed using an electrochemical instrument (WPG100, WonATech Co.): Pt and Ag/Ag + were used as counter and reference electrodes, Jin-Woo Park et al. respectively, whilst 0.1 M TBAP(Tetra-n-buthylammonium perchlorate)/CH 3 CN was employed as a supporting electrolyte solution. The highest occupied molecular orbital (HOMO) of films was calculated using the oxidation onset potential and the work function (4.8 eV) of Ag electrode (calibrated to the standard Fc/Fc + redox system) [19] . The surface nanomorphology of TPD and ECzPN nanolayers was measured in air using an atomic force microscope (Nanoscope IIIa, Digital Instrument Co.). The scan area was 5 µm × 5 µm and a tapping mode (scan rate = 1.969 Hz; set point = 1.447-1.46 V) was applied to avoid any damage of nanolayer surface upon scanning. We note that the surface images could be slightly deformed because of the possible exposure to moist air during measurements.
The current density-voltage-luminance (J-V-L) characteristics of OLEDs were measured using a customized device measurement system equipped with a photomultiplier tube (PMT, Hamamatsu Photonics Co.) and an electrometer (Keithley 6517). All devices were mounted in a dark sample chamber for the J-V-L measurements in order to get rid of any influence of ambient light.
RESULTS AND DISCUSSION
Characterization for curing reaction and thermal stability
The curing reaction between ECN and DACz (e.g., weight ratio = 3 : 1) was characterized with FT-IR spectroscopy. As shown in Figure 3 , ECN shows no characteristic peaks in the high wavenumber region over 3000 cm −1 (see Figure 3 (a)), whereas DACz exhibits strong secondary amine (NH, 3390 cm −1 ) and primary amine (NH 2 , 3280 cm −1 and 3180 cm −1 ) peaks at this range (see Figure 3(b) ). In addition, the epoxide peak of ECN is found at 1015 cm −1 which is not observed for DACz. After curing reaction, the broad and huge shoulder at around 3700-3430 cm −1 was measured for ECzPN (see Figure 3(c) ), which is attributed to the formation of hydroxyl groups by the ring opening reaction of epoxide ring in ECN (see Figure 4 (a) for the reaction mechanism). In the same sense, the peak intensity of epoxide rings at 1015 cm −1 was remarkably reduced for the ECzPN film. Therefore, this basically evidences the occurrence of reaction between ECN and DACz to make a three dimensional polymeric network, namely ECzPN here. In addition, the C-N single covalent bond formation between the aliphatic carbon 4 Journal of Nanomaterials (CH 2 ) of ECN and the secondary amine (NH 2 ) of DACz is identified from the increased intensity of C-N stretching and secondary (out-of-plane) NH peaks at 1220 cm Figure 3(c) ), the reaction is considered to be incomplete due to the saturation of three-dimensional geometry which hinders moving of two chemicals (ECN and DACz) for further physical contact leading to chemical reaction between two functional groups (epoxide and NH 2 ). In addition, because no clear clues were found for the further reactions (R2 and R3 steps in Figure 4 (a)), we assume that the dominant reaction here is limited to the R1 step in Figure 4 (a). Based on this stage of reaction, the three-dimensional polymeric network (ECzPN) is considered to be made like the schematic drawing as shown in Figure 4(b) . Figure 5 shows the weight loss (thermal degradation) as a function of temperature for ECzPN and starting materials (ECN and DACz). Obviously, DACz exhibits very quick weight loss between 250
• C and 330
• C and at last only 5 wt% remain above this temperature. This indicates the thermally unstable nature of functional (hole-transporting) materials like DACz. In contrast, ECN shows relatively quite stable trend. In particular, further improvement in thermal stability is observed for the ECzPN film (3 : 1 weight ratio), which is mainly ascribed to the formation of covalent bond to bind the thermally unstable component (DACz) in the threedimensional network structure. In this context of improved thermal stability against degradation and three-dimensional network formation, we expect the ECzPN film to have a high glass transition temperature though this still needs to be verified by actual measurements.
Optical properties
As shown in Figure 6 , the unreacted mixture of ECN and DACz (3 : 1) shows an onset absorption wavelength of ∼430 nm (2.9 eV), which is mainly assigned to the lowest unoccupied molecular orbital (LUMO) of DACz in the mixture film. Surprisingly, new absorption peaks are observed in the wavelengths of 430-600 nm for the reacted (cured) ECzPN nanolayers (films) (also note the increased intensity at around 350 nm and 400-425 nm). This is considered as a ground-state complex made by the specific interaction (hydrogen bonding) between the lone pair electrons of nitrogen atoms in DACz and the hydroxyl groups of ring-opened epoxide unit of ECN upon the curing reaction (see inset to Figure 6 ). Here two different resonance states of nitrogen atoms in DACz could result in different complexes (a and b) peaking at 470 nm (a) and 520 nm (b). As a consequence, the ECzPN nanolayers have two LUMO bands: major LUMO band from original DACz singlet (onset = 430 nm, 2.9 eV), sub-LUMO band from these complexes (onset = 600 nm, 2.1 eV). In particular, it is noted that these complexes are pronounced as the ECN content increases. This indicates that the hydroxyl group concentration plays a critical role in forming the ground-state complexes.
Due to these ground-state complexes made in the ECzPN nanolayers, the photoluminescence spectra also show two major emission peaks at around 450 nm and 610 nm: the former is assigned to the singlet transition of DACz, the latter is considered to be a transition for the two complexes (see Figure 7) . The intensity of complex peaks increases with the ECN contents, which is in consistent with the absorption spectral trend. Here we note that the very small peak at around 600 nm was also measured for the unreacted mixture film, which is considered as the marginal formation of complexes even in the unreacted mixture film though it is unclear at the moment whether owing to the hydrogen bonding or not. In particular, the width of major peak at 450 nm is wider for the ECzPN nanolayers than the unreacted mixture film (also note additional peaks below 400 nm and shoulders at around 500 nm). This result may infer the increased delocalization of electrons in the carbazole ring of DACz owing to the specific interaction leading to the ground-state complex formation. (2 : 1), and ECzPN (3 : 1). "a" and "b" denote the absorption peaks of complexes formed in the ECzPN nanolayers (see inset for the specific interaction by hydrogen bonding). Here we note that the unreacted mixture showed nearly solidstate film after spin coating but we expect that the internal phase might be gel-like because this film was not fully cross-linked.
Characteristics of OLEDs and nanomorphology
As shown in Figure 8(a) , the device made with the ECzPN (2 : 1) nanolayer exhibits almost similar J-V shape to the TPD device below the current density of 100 mA/cm 2 . However, the devices made with the ECzPN nanolayers at the (1.5 : 1) and (3 : 1) weight ratios of ECN to DACz showed much higher charge injection/transport voltages. The result for the (3 : 1) ratio is acceptable because of the low holetransporting DACz contents, but that for the (1.5 : 1) ratio is not a normal case because the hole-transporting characteristics should be improved by increasing the content of holetransporting moiety (DACz). To understand this, we have measured the HOMO level (or ionization potential) of films using a cyclic voltammetry (see Figure 9 (a)-9(d)), which resulted in 6.0 eV, 5.3 eV, and 4.6 eV for (1.5 : 1), (2 : 1), and (3 : 1) weight ratios, respectively (see Figure 9 (e)-9(h) for the flat-energy-band diagrams built by taking into account the complex states as well). This very huge change in HOMO level might be attributed to the role of the specific interaction leading to the formation of complexes. In other words, the measured HOMO level is not solely originated from the pristine DACz or ECN components but is significantly affected by the lone pair electrons in the complexes which are expected to be more easily extracted as we have previously proposed the similar activation effect between lone pair electrons in nitrogen atoms and carbonyl dipoles in imide groups [12] . In more detail, although for the ECN film with TPP (1 wt%) without DACz the oxidation onset is observed at 1.3 V leading to the HOMO level of 6.1 eV (see Figure 9 (d)), the (3 : 1) ECzPN film shows a very different oxidation onset at −0.2 V in the presence of the onset peak at around 1.1 V which might be related to the oxidation of ECN components (see Figure 9(c) ). This evidences the presence of specific interaction leading to making the ground-state complexes as discussed in Figures 6 and 7 . Therefore, this HOMO level trend clearly indicates that the hole injection from ITO to the ECzPN layer limits the performance of the (1.5 : 1) device owing to the large barrier height, even though the high loading (content) of DACz could just help to improve the hole transport inside the ECzPN nanolayer.
In particular, the (1.5 : 1) device shows much slower increase in the luminance than the current density as the applied voltage increases, whereas other devices show similar increasing trend for luminance and current density (see Figures 8(b) and 8(c) ). This huge imbalance (high current but low luminance) of the (1.5 : 1) device is attributed to the large electron leakage through the sub-LUMO level (gap) of complexes (3.9 eV) as seen in Figure 9 (f). It is worthy to note that the band structure of the ECzPN (2 : 1) nanolayer, which resulted in the best device performance amongst the devices with ECzPN nanolayers, is very similar to that of TPD. Finally, we have tried to correlate the device characteristics with the nanomorphology of ECzPN nanolayers. As shown in Figure 10 , the TPD film shows very coarse morphology that features large TPD crystals aggregated each other, indicating a poor film quality which might be responsible for the early degradation of corresponding device at relatively lower current density though the low Tg (63
• C) of TPD is normally understood as the cause for the poor device Jin-Woo Park et al. stability [3] . In contrast, the ECzPN (1.5 : 1) nanolayer shows a phase-segregated coarse nanomorphology in which two kinds of nanoparticles (70 nm and 30 nm) are evenly dispersed over the entire surface of nanolayers: these nanoparticles are considered as the unreacted DACz molecules remained after the curing reaction and contributed the worst surface roughness (11.1 nm) amongst all films investigated here. This coarse nanomophology might be more or less responsible for the poor device performance (poor correlation between luminance and current density), even though the major reason is ascribed to the large hole-injection barrier and electron-leakage pathways (sub-LUMO band) due to the ground-state complex formation as discussed in Figure 9 . However, no detectable phase segregation was observed for the (2 : 1) and (3 : 1) nanolayers, indicating almost perfect participation of DACz molecules in the curing reaction.
CONCLUSION
The epoxy-carbazole polymeric network (ECzPN) nanolayers were prepared and applied as a hole injection/transport layer for OLEDs. These nanolayers showed fairly good stability against thermal degradation. In particular, a groundstate complex was observed for the cross-linked (reacted) ECzPN nanolayers by optical measurements, which is considered to affect the significant shift in the HOMO levels of corresponding films. The OLED with the ECzPN (2 : 1) nanolayer exhibited almost the similar performance to the TPD device, which is attributed to the shifted HOMO level by the specific interaction (hydrogen bonding) between carbazole and ring-opened epoxy moieties. However, the nanoparticle-contained nanomorphology in the ECzPN (1.5 : 1) nanolayer needs further studies to confirm whether it contributes to the device performance badly or not. 
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